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Gamma-ray number, energy and dose albedo are calculated with 
the Monte Carlo technique. A plane monoenergetic beam was 
considered at normal incidence upon single material shields at 
initial gamma energy up to 10 MeV. Aluminum, iron and lead are 
used as shield material. The contribution of secondary photons 
which are produced as a result of various photon interactions in 
the shield are taken into account. These secondary photons are 
annihilation gammas, X rays and bremsstrahlung gammas. In certain 
cases, they constitute a considerable fraction of the reflected 
radiation. 
Annihilation gammas predominate in the reflected radiation for 
all energies above 1.02 MeV. For example, in the case of 8 MeV 
photons incident on lead, 96% of the reflected particles are .511 
annihilation gammas. 
The X-ray contribution to albedo is more pronounced at low 
energy and high Z material. For example, this contribution is 57% 
to number albedo, 94% to energy albedo and 38% to dose albedo for 
.41 MeV photons incident on lead. 
Bremsstrahlung contribution increases both with atomic number 
z and photon energy. It amounts to 13% of number albedo, 24% of 
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I. INTRODUCTION 
In optics and astronomy the reflection of light waves on a 
material can be considered a surface phenomenon and its diffuse 
reflection is defined as albedo. In contrast, nuclear radiation 
(such as neutrons and gammas) penetrates the medium deeper than 
its surface and its reflection from that medium encompasses 
radiation that is scattered one or more times inside the medium. 
Mathematically the fraction of radiation being reflected, called 
1 2 3 
albedo, has been defined in several ways ' ' . In the present 
work the concept of albedo will be defined for gamma rays. Figure 
1 shows the geometry considered. 
Let J(E0 ,e 0 ) be the incident radiation current consisting of 
monoenergetic photons with energy E0 (MeV) and incident at a polar 
angle e 0 • Let J(E,8,~) be the reflected current per unit solid 
angle in the direction defined by (8,~) per unit energy at energy 
E. Then, double differential albedo, a(E0 ,e 0 ,E,8,~) is defined 
as follows 
J(E0 ,e 0 ,E,e,~> 
J(Eo,eo> 
(1) 
In other words, a(E0 ,e 0 ,E,8,~) is the fraction of incident current 
backscattered per unit solid angle per unit energy. In the present 
work only normally incident radiation was considered. Therefore, 
the albedo is independent of ~- In what follows, the albedo will 






Fig. 1. Geometry Considered in the Definition of Albedo. 
2 
type of the incident current (Number, Energy or Dose) number, 
energy and dose albedo is defined as shown below, with the 




JN (EO) MeV • str {2) 
aE(E0 ,E,8) 
JE(E0 ,E,8) -1 -1 
JE (EO) MeV • str ( 3) 
aD(E0 ,E,8) 
JD(E0 ,E,8) -1 -1 
JD (EO) MeV • str (4) 
Integration of aN(E0 ,E,8), aE(E0 ,E,8) and aD(E0 ,E,8) over the 
solid angle dQ = 2Tisin8d8(0 < 8 .:::_ TI/2) results in the differential 
energy-dependent number, energy or dose albedo. For example, the 
differential energy-dependent number albedo is 
TI/2 
2n J aN(E 0 ,E,8)sin8d8 
0 
Obviously, aN(E0 ,E) gives the energy spectrum of the reflected 
particles. 
(5) 
Integration of the double differential albedo over energy gives 
the differential angle-dependent albedo-number energy or dose . For 
example, the differential angle-dependent number albedo is: 
(6) 
3 
Equation 1 gives essentially the angular distribution of reflected 
particles. 
The total albedo, which is the ratio of total reflected 
output-number, energy or dose-to corresponding total input, is 
obtained by double iterated as follows: 
'TT/2 Eo 
a (E ) 27T f sin8d8 f ctN(E0 ,E,9)dE N 0 (7) 
0 0 
'TT/2 Eo 
aE(Eo) 21T f sin8d8 f ctE(E0 ,E,9)dE (8) 
0 0 
'TT/2 Eo 
ao(Eo) 21T f sin8d8 J a 0 (E0 ,E,9)dE (9) 
0 0 
In the present work, a computer program was developed which 
calculates double and single differential as well as total albedo 
and energy deposition pattern inside a shielding material for 
normally incident gamma rays with energy up to 10 MeV. Multiple 
layer shield case could also be studied by this program. 
Gamma-ray albedo has been studied in the past both theoretically 
4-24 
and experimentally by many people . Due to lack of an adequate 
number of monoenergetic gamma-ray sources, most experimental albedo 
. . 2 '5-9 determ1nat1ons are for .41 MeV, .66 MeV and 1.25 MeV which 
correspond to gamma energies emitted by the isotopes Au-198, Cs-137 
and Co-60 respectively. 10-12 Only very recently Johnson and his 
4 
co-workers have measured albedo for energies up to 8 MeV utilizing 
capture gammas produced by titanium target bombarded with neutrons. 
For the theoretical calculation of albedo, two methods have 
been generally used. 
25 
the moments method . 
. 13-23 One 1s Monte-Carlo method , the other is 
The moments method has the disadvantage that 
it cannot adequately handle secondary particles, besides the 
discrepancy it has shown due to boundary effects. The Monte-Carlo 
method was chosen for the present study because of its flexibility 
for consideration of all secondary particles produced by the 
incident photons. The secondary photons considered are 
(a) annihilation gammas (b) X rays emitted by atoms participating 
in photoelectric interaction and (c) bremsstrahlung emitted by 
electrons and positrons. Bremsstrahlung was considered in great 
detail, something that has not been adequately done in the past. 
In addition, the effect of coherent scattering (Rayleigh scattering) 
and non-coherent scattering (Compton scattering) was examined 
individually. The results indicate that in many cases the 
secondary radiations contribute a significant fraction to the 
values of albedo. 
5 
6 
II. DESCRIPTION OF THE MONTE-CARLO PROGRAM 
A. General Description 
Based on the Monte-Carlo technique, a computer program was 
developed for a multilayer slab shield, up to three layers, with 
cross sectional dimensions of 65 em x 65 em and variable thickness. 
A normally incident monoenergetic gamma-ray circular beam, with 
radius of 10 em, and energy range 0-10 MeV was considered. The 
number of initial photons considered was such that the standard 
error for total albedo was 10% or less. The number of histories 
per case varied depending on incident energy and type and thickness 
of shield. Each photon is followed individually upon entering the 
shield until either its energy falls below 10 KeV, it is absorbed 
in the shield or emerges from the shield. Theoretically a photon 
could have an infinite number of scattering collisions and still 
survive inside the shield. To avoid unnecessary use of computer 
time, a maximum of 100 collisions per particle was allowed. This 
limit was never exceeded in all the cases studied. 
All the necessary attenuation coefficients (pair production, 
photoelectric, Compton scattering, Rayleigh scattering, and total 
tissue absorption coefficients) were entered as data at regular 
energy intervals from 0-10 MeV. The values of the coefficients 
26 
were obtained from tables . Needed values of attenuation 
coefficients which were not tabulated were obtained by linear 
interpolation. The explicit contributions of bremsstrahlung and 
7 
X rays are indicated by studying the gammas in the shield in what 
we call three "passes" through the program. 
In the first pass, the original gammas and the annihilation 
photons are considered, partial results due to their contributions 
are printed out and information about bremsstrahlung and X rays 
generated is stored. This information consists of position, 
direction of motion and energy of each photon. 
In the second pass, the bremsstrahlung photons are followed 
and partial results which are the sum of first and second pass 
are printed out. Thus, by comparing results of the first two 
passes, the contribution of bremsstrahlung is indicated explicitly. 
During the second pass, no bremsstrahlung is stored but information 
about X rays generated in that pass is again stored. 
In the third pass, the X rays are considered in the same way 
as bremsstrahlung in second pass. The results of the third pass 
are the sum of the three passes through the program. 
B. Gamma-ray Tracking 
The distance between two successive interactions of a photon 
with energy E is obtained by using the standard formula 
R =-£n(RN)/~t(E), where 0 < RN < 1 is a random number and ~ t(E) 
is the total linear attenuation coefficient for a photon of 
energy E moving in the material of which the shield is made and 
is equal to: 
4 
~t (E) L ~. (E) 
i=l l. 
~ (E) + ~C (E) + ~ (E) + ~p (E) Rs s Pe p (10) 
The four components of ~t(E) represent the coefficients for the 
four types of interactions considered, Rayleigh scattering, 
Compton scattering, photoelectric effect and pair production 
respectively. The type of interaction is determined by utilizing 
~. (E) 
the relative probability of occurrence of event i, ~:(E), and 
comparing it to a random number. 
If pair production occurs, the photon history ends. An 
electron-positron pair is formed with energy T = E = E 
e p 
(E 1.022)/2. According to theory, the polar angle of emission y 
is e 
e 
8 = .511/T provided T >> .511. For lower energies the p 
angular distribution of the pair is more complicated but closer 
to isotropic. In the present work, the polar angle 8 was selected 
as e 
e 
8 = .511/T for T > .511 and was selected isotropically p -
for T < .511. The azimuthal angles are chosen isotropically with 
the condition ~ = ~ + TI. The point of birth of the pair is 
e p 
that of the position of the pair production event. The electron 
and positron are processed before considering a new history (see 
section C of this chapter). 
If photoelectric effect occurs, the photon history ends and 
its energy is given to a photoelectron and a X ray. Every atom 
participating in a photoelectric effect can emit X rays of 
several energies depending on the energy state from which photo-
electron was emitted. Since 80% of the photoelectron processes 
take place in the K shell, if the photon energy exceeds the 
K shell binding energy, for simplicity the present work assumed 
8 
that photoelectric absorption takes place only in one shell and 
a X ray of the same energy is always emitted. The energy of 
the X ray (EX) was taken equal to the average of all the K X rays 




E - E y X . (11) 
The photoelectron's emission angle, relative to the direction 
of motion of the photon, is obtained by sampling the photoelectron 
1 d . 'b. . 27 . ' . . h . 28 angu ar 1str1 -ut1on curve us1ng Kahn s re]ect1on tee n1que . 
It is assumed that the X ray is emitted isotropically. The 
photoelectron is followed inside the shield before studying a 
new history. The information about the X ray is stored for process 
in the third pass through the program (see section E of this 
chapter). 
If Compton scattering occurs, which is photon interaction 
with a free electron, the photon history is continued by following 
the scattered photon inside the shield. The energy of the 
scattered photon and the electron are calculated based on a two 
body collision for which standard kinematics of conservation of 
energy and momentum apply. 
The scattering angle of Compton photon (8 ) is selected by y 
applying the Kahn rejection technique to the Klein-Nishina 
27 formula . The Compton electron scattering angle, 8 , is 
e 
obtained by27 




where a = E (MeV)/.511. The Compton electron is traced inside y 
the shield before considering a new gamma history. 
Rayleigh scattering is elastic coherent scattering by 
tightly bound atomic electrons. As a result of such an event, a 
small amount of momentum is imparted to the atom, but no excitation 
takes place. The Rayleigh scattering angle is small and the energy 
lost by the photon is also small. The cross section for Rayleigh 
scattering is relatively large, compared to that for Compton 
scattering, for small gamma energies and high Z materials. Rayleigh 
scattering has been neglected in the past because of unimportant 
change to the photon energy and direction of motion. The Rayleigh 
cross section was incorporated into the Compton scattering cross 
section. 
The present work considers Rayleigh scattering independently 
of Compton. When Rayleigh scattering takes place, the photon 
history is continued with the same energy and direction of motion 
as before the collision. The results indicate that the way this 
event is treated is important in some cases. 
C. Electron and Positron Tracking 
Anytime an electron or positron is formed due to any photon 
interaction, it is traced for the purpose of energy deposition, 
annihilation gammas and bremsstrahlung consideration. It is 
assumed that the particle travels in a straight line and travels 
a distance equal to its range. A semiempirical formula29 is used 
10 
for electron range calculation. This formula was developed for 
electrons, but it is good for positron range calculation also, if 
the positron energy is less than 10 Mev30 , which is the case of 
our study. 
The slab shield is divided into many thin sublayers of equal 
thickness. Part of the energy of each charged particle (electron 
or positron) is radiated as bremsstrahlung. This part is deducted 
first (for detail see next section) and the remaining energy is 
deposited in those sublayers which the particle traverses. The 
31 
energy is deposited according to the standard energy loss formula . 
At the end of the positron range two annihilation gammas, each 
with energy of .511 MeV, are created and move in opposite directions 
(back to back). These photons are processed before a new history 
is started. 
D. Bremsstrahlung Consideration 
The average energy radiated as bremsstrahlung by an electron 
of energy E in a thick target with atomic number Z is given by a 
e 




There is no general agreement on the value of the constant except 
-4 k32,33 that it is of the order of 10 . The latest experimental wor 
suggests a constant which is a slowly varying function of Z and Ee. 
11 
The value given by these authors is: 
constant 
6.4 X 10-4 
-4 1 + 6.4 x 10 ZE (MeV} 
e 
In this work we used the formula 
E 
B 
3.64 X 10-4 2 
ZE (MeV) 
l + 5.87 x lo-4zE (MeV} e 
e 
which represents a compromise agreeing best with available 
theoretical and experimental results. 
Bremsstrahlung is emitted with a continuous energy spectrum 
(14) 
(15) 
and maximum energy equal to E . To handle the problem efficiently 
e 
in the computer program, the spectrum was considered as discrete 
with average energy radiated per electron or positron kept equal to 
the value given by Equation 15. The model assumes that each 
electron or positron, radiates up to three bremsstrahlung photons. 
The energy of each photon is selected based on the bremsstrahlung 
energy distribution determined experimentally32 • Reference 32 
provides the distribution for Al and Fe for electron energies 
between 0.5-2.8 MeV. Due to lack of adequate bremsstrahlung energy 
distribution, this distribution for 2.8 MeV electron is used for 
the entire range of 0-10 MeV electron energy. Also, the distribution 
for Fe is used for Pb shield as well. 
For the ith positron or electron with kinetic energy E . the 
e~ 
total energy radiated as bremsstrahlung, EBi' is allowed to be: 
12 
EBi ~ Eei· To meet the condition of Equation 15, the following 
procedure is taken. 
Assume that the three possible bremsstrahlung photons emitted 
by particle i have energies E ~, E'.', E"' First E! is selected from ~ ~ i . ~ 
the bremsstrahlung energy distribution. If E~ > E . - E . , where 
~ e~ m~n 
E . 
~n 10 KeV, the minimum energy considered, only one bremsstrahlung 
photon with energy E~ is stored for particle i and the energy 
~ 
11 = E' i i EBi is recorded. The quantity 11. is the excess energy, ~ 
above E . given to bremsstrahlung. If E~ < E . - E . , then E" B~ ~ e~ ~n i 
is selected like E ~. If E • + E'.' > E . - E . , then only two ~ i ~ - e~ m~n 
bremsstrahlung photons with energies E~ and E~ are stored for 
~ ~ 
particle i and 11. = E ~ + E'.' - E is recorded. If E ~ + E'.' < E - E . ~ ~ ~ Bi ~ ~ ei m~n 
three bremsstrahlung photons with energies E!, E" and E"' are ~ i' i 
emitted withE~' = E - (E~ + E~). The excess energy /1. is zero ~ Bi ~ ~ ~ 
in this case. 
When particle (i+l) is considered, the current value of 11. is 
~ 
taken into account. If 11. < E . 1 , then EB. 1 is replaced by ~ B~+ ~+ 
EBi+l - /1i and particle (i+l) is processed like particle i with 
this smaller fraction of its energy radiated as bremsstrahlung. 
If /1i ~ EBi+l' then the excess energy stored is /1i+l = /1i - EBi+l 
and no bremsstrahlung is emitted by particle (i+l). Thus, for a 
large number of particles the average energy given off as 
bremsstrahlung satisfies Equation 15. At the same time photons of 
any energy between 0 and E . are emitted. 
e~ 
The birthpoint of each bremsstrahlung photon is chosen 
randomly along the path of the precursor particle. The direction 
13 
14 
of motion of each bremsstrahlung photon is taken the same as its 
precursor particle, since the emission angle of a bremsstrahlung 
27 photon is small . The information for each bremsstrahlung photon 
produced during the first pass through the program is stored and 
those photons which have energy above the cut-off energy of 10 KeV 
are processed in the second pass through the program. 
Bremsstrahlung photons with energy less than 10 KeV are stored as 
low bremsstrahlung for the purpose of energy balance calculation. 
E. X-ray Consideration 
X rays were considered according to the following model. 
During the photon interactions inside the shield, any time a 
photoelectric event takes place an X ray is produced provided that 
the energy of the photon is greater than the X ray energy for the 
shielding material. This energy (EX) is calculated as explained 
in section B of this chapter. The isotropically emitted X ray 
with energy EX produced in the first two passes through the program 
is stored and studied in the third pass. 
III. RESULTS 
A. General Comments 
Differential albedo and total albedo have been calculated for 
several gamma energies up to 10 MeV. Energy deposition inside the 
shielding material was also calculated. Aluminum, iron and lead 
shield with thickness of 4, 3 and 2 mean free paths (mfp) 
respectively, were considered. These thicknesses make the shield 
semiinfinite. It should be noted, however, that the thickness of 
each shield in em is quite different from that in mfp's at any 
energy. 
The number of photon histories in each case was chosen high 
enough to maintain the standard error for total albedo around 10% 
or less. The corresponding error for differential albedo is 
obviously larger. It could be reduced by studying a much greater 
number of histories, but that would require more computation time. 
Experimental results, when available, are shown for comparison. 
B. Differential Angle-Dependent Albedo 
Figures 2 to 7 present the angular dependence of albedo for 
the three shielding materials considered for .41 MeV and 10 MeV 
photon energy. The curves intend to indicate only trend and are 
not the result of least square fitting. In general, the angular 
albedo decreases with angle and is maximum in a direction 
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Fig . 2. Differential Number Albedo, a N(E0 , e ), for .41 MeV Incident Gammas. 
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Fig. 4. Differential Dose Albedo, a (E ,8), for .41 MeV 




10 20 30 40 50 60 70 80 
ANGLE IN DEGREES 
Fig. 5. Differential Number Albedo, aN(E0 ,e), for 10 MeV Incident Gammas. 
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Fig. 7. Differential Dose Albedo, a 0 (E 0 ,e), for 10 MeV Incident Gammas. 
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.41 MeV the albedo definitely decreases as z increases. At 10 MeV 
the change with Z is much smaller. This is a consequence of the 
fact that the albedo, in general, changes little with atomic number 
Z, for incident gamma energies greater than 4 MeV. 
C. Differential Energy-Dependent Albedo 
Figures 8 and 9 show representative results for the differential 
energy-dependent albedo. 
Figure 8 gives differential albedo (number, energy and dose) 
for 10 MeV gammas incident on Pb shield. There are two features 
to notice in this graph. One is the high peak for energies between 
0.5 and 1 MeV. The photons in this group are mainly .511 MeV 
annihilation gammas. For every incident energy above 1.5 MeV this 
peak is present. The second feature is the rapid decrease of the 
spectrum at high energies. This is also true for all incident 
energies. The photons with energy greater than .511 MeV are due 
to bremsstrahlung. They are not incident photons being backscattered. 
Figure 9 shows double differential albedo for reflection angle 
between 40° and 50°. This angle interval and the energy of 8 MeV 
. . . 1 1 11 was selected for comparlson Wlth the only experlmenta resu ts 
reported in the literature for this energy. The agreement is very 
good. Both experiment and calculation give the same fraction of 
photons in the .5 to 1 MeV energy group. In this case, 94% of the 
reflected photons are .511 MeV annihilation photons. The gammas 





































I . . : : 
• • L '·· .: . 1 -, I r· 
I I I 
I_J ._ 
NUMBER ALBEDO, uN(E0 ,E) 
DOSE ALBEDO, a (E ,E) 
D 0 
ENERGY (MeV) 
Fig. 8. Differential Energy-Dependent Albedo for 
10 MeV Photons Incident on Pb. 
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the two results is not so good for other energy groups due to 
large statistical errors. 
D. Total Albedo 
Figures 10-12 show total albedo for Al, Fe and Pb as a 
function of incident photon energy. Energy and dose albedo for 
1 Al and Fe have a shape somewhat like ~· The albedo changes 
0 
drastically up to 4 MeV but much slower after 4 MeV. The number 
albedo decreases for Al up to 4 MeV and slightly increases beyond 
that energy. For Fe, it decreases up to 2 MeV and it increases 
after that energy. 
Figure 12 shows that total albedo for Pb. The increase of 
the value of albedo after 1 MeV is due to the fast increase of the 
probability for pair production after 1 MeV. Annihilation gammas 
have a greater chance of being reflected than incident photons. 
At higher energies, the albedo changes little because there are 
no drastic changes in the attenuation coefficients. 
Tables I and II indicate the difference in total albedo 
values when Rayleigh scattering is explicitly considered. This 
difference could be an increase of up to 12% at high energy. 
Explicit treatment of Rayleigh scattering means that this effect 
was not incorporated into the value of Compton scattering but it 
was treated as an independent event. Since Rayleigh scattering 
does not change the photon energy, it will tend to keep the 
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Fig. 12. Total Albedo for Pb as a Function of Incident Photon Energy. 
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TABLE I. EFFECT OF EXPLICIT RAYLEIGH SCATTERING 
TREATMENT ON TOTAL ALBEDO FOR Al 
Type Photon Albedo Without Albedo With Change 
of Energy Explicit Rayleigh Explicit Rayleigh in 
Albedo MeV Treatment Treatment Percent 
.41 .348 ± 7% .370 ± 6% + 6% 
Number 1.25 .257 ± 6% .276 ± 6% + 7% 
8 .216 ± 6% • 210 ± 6% Negl . 
.41 .118 ± 7% .123 ± 7% Negl. 
Energy 1.25 .0340 ± 7% .0382 ± 7% + 11% 
8 .0059 ± 8% • 0055 ± 8% Negl . 
.41 .108 ± 7% .111 ± 7% Negl. 
Dose 1.25 .0351 ± 7% .0394 ± 7% + 11% 
8 .0093 ± 8% .01 ± 8% Negl. 
Negl. - Negligible 
30 
TABLE II. EFFECT OF EXPLICIT RAYLEIGH SCATTERING 
TREATMENT ON TOTAL ALBEDO FOR LEAD 
Type Photon Albedo Without Albedo With Change 
of Energy Explicit Rayleigh Explicit Rayleigh in 
Albedo MeV Treatment Treatment Percent 
.41 .0266 ± 9% .0260 ± 9% Negl. 
Number 1.25 .0190 ± 9% .018 ± 10% Negl. 
8 .0758 ± 5% .085 ± 5% 11% 
.41 .0082 ± 9% . 0079 ± 9% Negl . 
Energy 1.25 .0041 ± 10% .0039 ± 10% Negl. 
8 .00497 ± 6% .00557 ± 5% + 11% 
.41 .0074 ± 9% .0071 ± 9% Negl. 
Dose 1.25 .0044 ± 10% • 0042 ± 10% Negl . 
8 .00928 ± 6% .0104 ± 5% + 11% 
Negl. - Negligible 
scattering events, thus increasing the chance of reflection. 
Therefore, explicit treatment of Rayleigh scattering should tend 
to increase the value of albedo. The results of the calculation 
verify this conclusion. The inclusion of Rayleigh scattering 
brings the results of the calculation to closer agreement with 
experiment. 
Tables III, IV and V show the bremsstrahlung contribution to 
the total albedo. This contribution is more pronounced at high 
incident photon energy for high Z material. It becomes 15% of 
the total dose albedo for 8 MeV gammas incident on Pb. 
The X-ray contribution to total albedo is none for Al and Fe 
since their K shell electron binding energy is less than the 
cut-off energy of 10 KeV, which is the minimum energy considered 
in the calculation. For Pb shield, it is significant especially 
at low energies. For example, 38% of dose albedo at .41 MeV 
incident photon energy is due to X-ray contribution. 
Figures 13-15 show total albedo as a function of atomic 
number, at three different energies. 
as atomic number increases. 
E. Energy Deposition 
In general, albedo decreases 
Table VI gives the fraction of gamma-ray energy deposition 
in Al, Fe and Pb shield at different energies of incident photons. 
This fraction is almost constant for Pb at all photon energies, 
but for Al and Fe it increases, slightly, with photon energy. 
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TABLE III. CONTRIBUTION OF BREMSSTRAHLUNG 
TO TOTAL ALBEDO FOR Al 
Present Work 
Type Photon Bremsstrahlung 
of Energy Experimental Total Contribution 
Albedo MeV Results Albedo % of Total 
.41 NA .370 + 6% Neg1. 
-
Number 1.25 NA .276 + 6% Negl. 
-
8 NA .210 + 6% 9% 
-
.41 .127[5 ] . 123 + 7% Neg1 . 
-
Energy 1.25 .041[5 ] . 0382 :t 7% Neg1. 
8 NA .0055 ~ 8% 11% 
.41 .064[S] .111 + 7% Neg1. 
-
Dose 1.25 .0375[8 ] . 0394 :t 7% Negl. 
8 NA .01 + 8% 10% 
-
Neg1. - Negligible 
NA - Not Available 
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TABLE IV. CONTRIBUTION OF BREMSSTRAHLUNG 
TO TOTAL ALBEDO FOR Fe 
Present Work 
Type Photon Bremsstrahlung 
of Energy Experimental Total contribution 
Albedo MeV Results Albedo % of Total 
. 41 NA .137 ± 6% Negl . 
Number 1.25 NA .113 ± 7% Negl. 
8 NA .132 ± 6% 6% 
.41 .087[ 5 ] .057 ± 6% Negl. 
Energy 1.25 .026[ 5 ] .021 ± 7% Negl. 
8 NA .0057 ± 7% 6% 
.41 .042[ 8 ] .052 ± 6% Negl. 
Dose 1.25 .033[ 8 ] .022 ± 7% Negl. 
8 .0066[ll] .0106 ± 7% 6% 
Negl. - Negligible 
NA - Not Available 
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TABLE V. CONTRIBUTION OF BREMSSTRAHLUNG AND 
X RAYS TO TOTAL ALBEDO FOR Pb 
Present Work 
Type Photon Bremsstrahlung X-ray 
of Energy Experimental Total Contribution Contribution 
Albedo MeV Results Albedo % of Total % of Total 
.41 NA .026 ± 9% Negl. 57% 
Number 1.25 NA .018 ± 10% Negl. 14% 
8 NA .085 ± 5% 10% Negl. 
.41 .Ol3[S] .0079 ± 9% Negl . 39% 
Energy 1.25 • 005[S] .0039 ± 10% 2% 4% 
8 NA .0056 ± 6% 16% Negl. 
. 41 .002[8 ] .0071 ± 9% Negl . 38% 
Dose 1.25 .006[ 8 ] .0042 ± 10% 2% 4% 
8 .024[ll] .0104 ± 5% 15% Negl. 
Negl. - Negligible 
NA - Not Available 
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ATOMIC NUMBER Z 




ATOMIC NUMBER Z 
Fig. 14. Total Energy Albedo as a Function of Atomic Number. 
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10 
ATOMIC NUMBER Z 
Fig. 15. Total Dose Albedo as a Function of Atomic Number. 
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TABLE VI. FRACTION OF GAMMA-RAY ENERGY 
DEPOSITED IN THE SHIELD 
Photon 
Energy Al Fe Pb 
MeV 4 M.F.P. 3 M.F.P. 2 M.F.P. 
.41 78% 80% 80% 
1.25 91% 85% 79% 
2 87% 78% 
2.5 94% 79% 
4 94% 89% 80% 
8 96% 79% 
10 93% 91% 80% 
Figure 16 shows a representative example of energy deposition 
inside the shield. Although the total fraction of energy 
deposited is about 80% for all three materials, the areas under 
the histogram in Figure 16 look quite different in size, because 


























. l .2 
Pb 2M.F.P. 
• 3 .4 . 5 .6 . 7 .8 .9 
FRACTION OF THICKNESS 
Fig. 16. Percent of Incident Energy Deposited per Incidental 
Region. Incident Energy E :.41 MeV. 
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IV. CONCLUSIONS AND RECOMMENDATIONS 
In studying gamma ray albedo the secondary radiations should 
be considered since their contribution to the results is 
significant in many cases. Annihilation gammas and bremsstrahlung 
contribution to albedo are more pronounced for high z material at 
high energies while X rays contribute more at low energies. 
Rayleigh scattering ought to be treated explicitly since the 
results agree better with experiment if this is done. Fraction of 
y-energy deposited in the shield is constant for Pb, at various 
photon energies, but it shows an increase with energy for ' Al shield. 
The computer program, which was developed, can calculate 
double differential albedo and for multiple layer shields. It is 
recommended that these studies be carried out, if the expense of 
computer time necessary can be covered. 
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